Two-dimensional particle-in-cell simulations are performed to investigate the formation of electron density depletions in collisionless magnetic reconnection. In anti-parallel reconnection, the quadrupole structures of the out-of-plane magnetic field are formed, and four symmetric electron density depletion layers can be found along the separatrices due to the effects of magetic mirror. With the increase of the initial guide field, the symmetry of both the out-of-plane magnetic field and electron density depletion layers is distorted. When the initial guide field is sufficiently large, the electron density depletion layers along the lower left and upper right separatrices disappear. The parallel electric field in guide field reconnection is found to play an important role in forming such structures of the electron density depletion layers. The structures of the out-of-plane magnetic field B y and electron depletion layers in anti-parallel and guide field reconnection are found to be related to electron flow or in-plane currents in the separatrix regions. In anti-parallel reconnection, electrons flow towards the X line along the separatrices, and are directed away from the X line along the magnetic field lines just inside the separatrices. In guide field reconnection, electrons can only flow towards the X line along the upper left and lower right separatrices due to the existence of the parallel electric field in these regions. Magnetic reconnection is thought to be one of the most important mechanisms that converts rapidly magnetic energy into kinetic energy of plasma. At the same time, the topological configuration of the magnetic field changes. Magnetic reconnection plays an important role in space and laboratory plasma as a driving mechanism for many explosive phenomena, such as solar flares, substorms in the Earth's magnetosphere and disruptions in laboratory fusion experiments [1][2] [3] [4] [5] . At scale lengths greater than the ion inertial length, c/ω pi , magnetohydrodynamic theory is valid, because ions and electrons are both frozen in the magnetic field lines. However, if we study magnetic reconnection at scale lengths between the ion inertial length and electron inertial length *Corresponding author (email: qmlu@ustc.edu.cn) (where the electron inertial length is c/ω pe ), only the electrons are frozen in the magnetic field lines, and ions can move across the magnetic field lines. This ion-electron decoupling causes Hall effects which are very important in collisionless magnetic reconnection [6] [7] [8] . At scale lengths below c/ω pe , the frozen-in constraint of the electrons is also broken, both ions and electrons can move across the magnetic field lines [7, 9] . Sonnerup [6] proposed that the Hall effects can lead to the in-plane Hall current system, and the relations between the Hall current and the out-of-plane magnetic field have recently been studied extensively in anti-parallel reconnection. This can be roughly summarized as follows: Because of the magnetic mirror effect, electrons will flow toward the X line along the separatrices; after accelerated in the vicinity of the X line, the electrons flow
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At scale lengths greater than the ion inertial length, c/ω pi , magnetohydrodynamic theory is valid, because ions and electrons are both frozen in the magnetic field lines. However, if we study magnetic reconnection at scale lengths between the ion inertial length and electron inertial length *Corresponding author (email: qmlu@ustc.edu.cn) (where the electron inertial length is c/ω pe ), only the electrons are frozen in the magnetic field lines, and ions can move across the magnetic field lines. This ion-electron decoupling causes Hall effects which are very important in collisionless magnetic reconnection [6] [7] [8] . At scale lengths below c/ω pe , the frozen-in constraint of the electrons is also broken, both ions and electrons can move across the magnetic field lines [7, 9] . Sonnerup [6] proposed that the Hall effects can lead to the in-plane Hall current system, and the relations between the Hall current and the out-of-plane magnetic field have recently been studied extensively in anti-parallel reconnection. This can be roughly summarized as follows: Because of the magnetic mirror effect, electrons will flow toward the X line along the separatrices; after accelerated in the vicinity of the X line, the electrons flow away from the X line along the magnetic field lines on the inner side of the separatrices [10, 11] . Therefore, the in-plane Hall currents are directed away from the X line along the separatrices, and toward the X line just inside the separatrices [11] [12] [13] . A quadrupole structure of the out-ofplane Hall magnetic field with peaks between the regions carrying the in-plane currents is formed by such a current system [6, [11] [12] [13] . At the same time, simulations and observation have shown that the electrons flow toward the X line can form electron density depletion layers along the separatrices [11, [14] [15] [16] . Therefore, the electron density depletion layers are outside the peaks of the out-of-plane magnetic field. This has already been observed during magnetic reconnection by Cluster satellites [11, 12] .
Recently, the guide field was found to have a significant impact on the structures of the out-of-plane magnetic field, whose symmetry is distorted [17, 18] . In this paper, based on a two-dimensional (2D) particle-in-cell (PIC) simulation code, we explore the effects of the guide field on the structures of the electron density depletion layers. The relations among the in-plane Hall current, the electron density depletion layers, and the out-of-plane magnetic field, are also investigated.
Simulation model
In this paper, 2D PIC simulations are employed to investigate the structures of the electron density depletion layers in collisionless magnetic reconnection. In our simulation model, the electromagnetic fields are defined on the grids and updated by solving Maxwell equations with a full explicit algorithm. The ions and electrons are advanced in the electromagnetic fields [17] . The initial equilibrium configuration we adopt in this paper is a Harris current sheet model [19] . Therefore, the initial equilibrium magnetic field and density are given by
where B y0 is the initial guide field, L z is the length of the domain in the z direction, δ is the half-width of the current sheet, and n b is the density of the background plasma. We adopt a Maxwellian distribution for each species of particles. The drift speeds in the y direction satisfy V i0 /V e0 = -T i0 /T e0 , where V i0 (V e0 ) and T i0 (T e0 ) are the drift speed and initial temperature of the ions (electrons), respectively. In our simulation, T i0 /T e0 =4, and n b =0.2n 0 . The half-width of the current sheet is δ=0.5c/ω pi , where c/ω pi is the ion inertial length defined by the peak Harris density n 0 . The mass ratio is set to be m i /m e =100. The velocity of light is set to be c=15 In all runs we employ more than a million particles per species to represent the plasma of the Harris current sheet, and the same number of particles is used to represent the background plasma. The periodic boundary conditions are used along the x direction. At the same time, ideal conducting boundary conditions for the electromagnetic fields are used in the z direction. Particles will be reflected when they reach the boundaries. The initial current sheet is modified, as in the Geospace Environmental Modeling Challenge reconnection problem, by including an initial flux perturbation [7] .
Simulation results
2D PIC simulations are performed to investigate the effects of the initial guide on electron density depletion layers and Hall current system in collisionless magnetic reconnection. Four cases are simulated with different initial guide fields B z0 /B 0 =0, 0.2, 0.6 and 1. Figure 1 shows the time evolution of the reconnected magnetic flux Δψ for cases B y0 /B 0 =0, B y0 /B 0 =0.2, B y0 /B 0 = 0.6, and B y0 /B 0 =1. Here the magnetic flux Δψ is defined as the flux difference between the X and O lines, and its slope can be served as an indicator of the magnetic reconnection rate. Similar to previous simulations, the reconnection rate is found to decreases substantially when the guide field is sufficiently large (B y0 /B 0~0 .5). rate is attained, and the magnetic field lines are also plotted. Obviously, in the case with B y0 /B 0 =0, the out-of-plane magnetic field B′ y forms a quadrupole structure with a maximum amplitude of about 0.1 B 0 . With the increase of the initial guide field, the negative parts of the quadrupole structures gradually move into the magnetic island and occupy most of the area inside it. Therefore, the quadrupole structures of B′ y are distorted. This phenomenon has been observed in numerous numerical studies [17, 18] .
The structures of the electron density depletion layers can be found in Figure 3 , which describe the contours of the electron density n e for cases (a) B y0 /B 0 =0 at Ω 0i t=18, (b) B y0 /B 0 =0.2 at Ω 0i t =19, (c) B y0 /B 0 =0.6 at Ω 0i t =19 and (d) B y0 /B 0 =1 at Ω 0i t =23. In the case with B y0 /B 0 =0, electron density depletion layers can be clearly seen along the separatrices. With the increase of the initial guide field, the symmetry of the electron density depletion layers is distorted. When the initial guide field is sufficiently large (B y0 /B 0~0 .5), only the depletion layers along the separatrix from the upper left to the lower right exist.
The different structures of the out-of-plane magnetic field and electron density depletion layers in anti-parallel and guide field reconnection can be explained based on the electron flow or in-plane Hall currents. In Figure 4 , electron and ion flow vectors in the x-z plane are shown for cases (a) B y0 /B 0 =0 at Ω 0i t =18 and (b) B y0 /B 0 =1 at Ω 0i t =23. Because the ions are unmagnetized in the ion diffusion region, their flow speed is much smaller than that of the electrons. Therefore, the contributions of ions to the in-plane Hall current are negligible. In anti-parallel reconnection, electrons flow toward the X line along the separatrices due to the magnetic mirror, and then electron density depletion layers are formed along the separatrices [11] . After they are accelerated in the vicinity of the X line, these electrons flow away from the X line along the magnetic field lines just inside of the separatrices. In guide field reconnection, we can only find electrons flow toward the X line along the separatrix from the upper left to the lower right, and high speed electrons flow away from the X line inside the separatrix from the lower left to the upper right. In guide field reconnection, electrons are accelerated by the parallel electric field in the vicinity of the X line, and when they move toward the X line. This can be seen in Figure 5 , which shows the parallel electric field E·B/B for case B y0 /B 0 =1 at Ω 0i t=23. The parallel electric field only exists along the separatrix from the upper left to the lower right, which forms the electron density depletion layers in these regions. The parallel electric field is caused by the gradient of the electron pressure. After these electrons are accelerated by the parallel electric field, they flow away from the X line along the magnetic field lines just inside the separatrix from the lower left to the upper right.
The in-plane Hall current system is mainly determined by the electron flow, which is shown in Figure 4 . According to the electron flow, we can calculate the in-plane Hall current along the magnetic field lines, which is shown in Figure 6 . In anti-parallel reconnection, the currents are directed away from the X line along the separatrices, and toward the X line just inside the separatrices. Such an in-plane Hall current system leads to the quadrupole structures of the out-of-plane magnetic field. In guide field reconnection, the currents away from the X line only exist along the separatrix from the upper left to the lower right, while the currents toward the X line only exist inside the separatrix from the lower left to the upper right. Such an in-plane Hall current system leads to the out-of-plane magnetic field B′ y/B 0 = (B y +B y0 )/B 0 that exists inside the magnetic island.
Conclusions and discussion
The effects of the guide field on the structures of the out-ofplane magnetic field and electron density depletion layer are investigated in this paper with the help of 2D PIC simulations. In anti-parallel reconnection, the electrons move toward the X line along the separatrices because of the effects of the magnetic mirror, and they are directed away from the X line along the magnetic field lines just inside the separatrices. Therefore, the in-plane Hall currents are directed away from the X line along the separatrices, and toward the X line just inside the separatrices. Such a current system leads to the quadrupole structures of the out-of-plane magnetic field B y , and four symmetrical electron density depletion layers that are formed along the separatrices [11] . With the increase of the initial guide field, the symmetry of both B y and the electron density depletion layers are distorted. When the initial guide field is sufficiently large, the parallel electric field in guide field reconnection, which is generated by the gradient of the electron pressure, is found to play an important role to form such structures. The parallel electric field only exists along the separatrix from the upper left to the lower right [20] . Electrons are accelerated by the parallel electric field in the vicinity of the X line, as well as when they move toward the X line along the separatrix from the upper left to the lower right. This forms the electron density depletion layer in this region. After these electrons are accelerated by the parallel electric field, they flow away from the X line inside the separatrix from the lower left to the upper right. Correspondingly, the currents away from the X line only exists along the separatrx from the upper left to the lower right, while the currents toward the X line only exists inside the separatrix from the lower left to the upper right. We conclude that such an in-plane Hall current system lead to the out-of-plane magnetic field B′ y /B 0 that exists inside the magnetic island.
Recently, the relations between the out-of-plane magnetic field and electron density depletion layers have been studied extensively in anti-parallel reconnection [11, 12] . Electrons flow toward the X-line along the separatrices, and then are directed away from the X line in the inner side of the separatrices. The out-of-plane Hall magnetic field forms a quadrupole structure with peaks between the regions carrying the in-plane currents. At the same time, the electrons flowing toward the X line can form electron density depletion layers along the separatrices. Therefore, the electron density depletion layers are outside the peaks of the out-ofplane magnetic field. This has also already been observed during magnetic reconnection by Cluster satellites [11] . The situation changes when the guide field is sufficiently large. In guide field reconnection, the electron density depletion layers along the lower left and upper right separatrices disappear, and the maximum amplitude of the out-of-plane magnetic field is found in the center of the current sheet. 
